The behavioral reactions ofbowhead whales to ( 1 ) distant seismic vessels not under our control, (2) a controlled approach by a seismic vessel, and (3) controlled tests with a single airgun were observed. ( 1 ) On 21 occasions in the summers of 1980-84, general activities ofbowheads exposed to pulses of underwater noise (107-158 dB re: 1 pPa) from seismic vessels 6-99 km away were observed. Activities were indistinguishable from those without seismic noise; there was no detectable avoidance. Hints of subtle changes in surfacing, respiration, and diving behavior were unconfirmed, but were consistent with reactions to stronger noise pulses from closer seismic boats. (2) In a test with a full-scale seismic boat ( 30 airguns totaling 471, source level 248 dB re: 1 pPa, closest point of approach = 1• km), bowheads began to orient away when the airgun array began to fire 7• km away. However, some whales continued apparent near-bottom feeding until the vessel was 3 km away. Whales were displaced by about 2 km. Reactions were not much stronger than those to any conventional vessel. (3) Tests with one 0.66-1 airgun showed that some bowheads move away from sources of strong seismic impulses even in the absence of boat noise, and that bowheads can detect the direction from which seismic impulses arrive. In general, bowheads exhibit avoidance reactions when they receive seismic pulses stronger than about 160 dB re: 1 pPa. Evidence of reactions to lower received levels remains inconclusive.
The largest remaining population of the bowhead whale, an endangered Arctic species, is exposed to seismic noise in the Beaufort Sea during the summer ) and the autumn (Reeves et al., 1984) . Heating abilities of bowheads and other baleen whales are unknown.
However, most bowhead calls are at 75-500 Hz (Ljungblad et al., 1982; Clark and Johnson, 1984) . This, plus anatomical evidence (Fleischer, 1976) , suggests that bowheads detect seismic impulses. Regulatory agencies and native people who hunt bowheads are concerned that seismic exploration may displace and/or harm these whales.
Richardson et al. (1985a) observed bowheads as close
as 6 km from operating seismic vessels in 1980-82, and tested the reactions ofbowheads to a single 0.66-1 airgun 3-5 km away. Maximum noise levels received by whales were at least 150 dB re: 1 pPa. No definite effects of seismic noise on bowhead behavior were found; bowheads exposed to seismic pulses fed, traveled, socialized, and called in the usual ways. This paper provides new data from 1983-84 concerning behavior of summering bowhead whales exposed to noise from (1) distant seismic vessels, (2) one 0.66-1 airgun as close as 0.2 km, and (3) a full-scale seismic vessel passing Pulses received from all sources were similar in spectral and temporal characteristics ( approaches were used: ( 1 ) When seismic noise began or ended during observations, data from the same whales in the seismic and undisturbed situations were compared. (2) When seismic noise was present throughout a session, results were compared with those from undisturbed bowheads observed nearby on the same day or an adjacent day. When two or three small samples of observations were obtained in one area within 2-3 days, we pooled the data to obtain one sample of usable size. (3) When no undisturbed whales were observed nearby within a few days ofthe seismic occasion, we compared seismic results with average results for all undisturbed whales at the corresponding water depth in that year.
After behavioral data from each seismic occasion were compared with corresponding undisturbed data, the results were pooled with the unweighted z method (Rosenthal, 1978) . This provided an overall test of the null hypothesis that behavior was unaffected by seismic noise. Multiple regression analysis was also used to check for partial correlation between behavioral variables and the presence or absence of seismic noise after allowing for the simultaneous effects of factors such as year, date, time of day, water depth, sea state, ice cover, group size, and general activity of the whales.
C. Airgun experiments
We completed four controlled tests with a single 0. there was no proof that log play or prolonged surfacings were related to seismic sounds. We once observed log play when a sonobuoy confirmed the absence of seismic sounds.
Surfacing, respiration, and dive characteristics
Simple comparisons of all opportunistic observations in the presence and absence of seismic noise showed that mean number of blows per surfacing, mean duration of surfacing, and mean duration of dives all were lower with seismic noise (Fig. 3) . Intervals between blows were similar with and without seismic noise. Although suggestive, these simple comparisons were confounded by many factors that varied from day to day. Consequently, we compared data from each seismic occasion with matched data from presumably undis- Fig. 3) . Trends for two variables (number of blows per surfacing and dive duration) were similar in 1983-84 to previously reported results from 1980-82 (Table II) .
These results must be interpreted cautiously, as discussed by Richardson et al. (1985a) . There was much vailability and overlap, and contrary trends were found on some specific occasions. Without experimental control, it is impossible to be sure whether the apparent effects were attributable to seismic noise or to other variables. Also, the pooled results depend strongly on data from 1 August 1984 (site B ), when the unusual behavior of one whale may have resulted from aircraft rather than seismic disturbance (see above). If that occasion is excluded, the trends in number of blows per surfacing and duration of surfacing become nonsignificant (p > 0.1). However, mean blow interval remains significantly longer (p <0.05) and mean dive duration shorter ( p < 0.001 ) with seismic noise (Table II) .
Other behavioral variables
While at the surface, bowheads sometimes change heading ("turn") or flex the back into a concave shape shortly before diving ("predive flex"; Wiirsig et al., 1985a). Tums and predive flexes occurred more often without than with seismic noise (Table III) . Presence of seismic noise did not affect whether bowheads raised their flukes above the water while diving. Estimated speeds were similar with and without seismic noise, excluding the questionable "1 August 1984B" case (Table III) .
Bowhead ca/Is
Calls were heard during 11 of 14 occasions in 1980-84 when underwater sounds were recorded near bowheads exposed to seismic noise. Their average calling rates were only slightly less than rates near undisturbed whales (Table IV) . The slight reduction may not be meaningful because numbers of whales responsible for the calls were only roughly known. Proportional frequencies of seven call types that we distinguished were almost identical with and without seismic noise (Table IV) .
$. Summary
General activities of bowheads were rarely, if ever, altered noticeably by noise from seismic vessels 6 km or more away. There were, however, indications of subtle alterations in surfacing-respiration-dive cycles, and in frequency of turns and predive flexes. Whether these subtle trends were caused by seismic noise or other factors cannot be determined with certainty from opportunistic observations. Bowheads produced calls of the usual types when exposed to seismic pulses; calling rate was only slightly (if at all) reduced.
B. Airgun experiments 1. General activities
Activities of bowheads during the three 1981 and 1983 tests 3-5 km from a moving boat were unremarkable, and did not change when the airgun fired (Table IB) In most experiments, these behavioral variables did not differ significantly in the presence and absence of airgun noise, but sample sizes were often small (Fig. 4) . The slight differences that did occur showed some consistency. In the three tests with data, mean surface time and mean number of blows per surfacing decreased slightly from the preairgun to the airgun period (Fig. 4) . Pooled results were marginally significant ( p<0.1 for both variables, Table II ). Conversely, mean blow intervals increased slightly from the preairgun to the airgun period in 3 of 4 experiments (Fig. 4) ; the pooled trend was weak ( p -0.1, Table II ). These weak trends during airgun tests were inconclusive, but in the same direction as found for opportunistic observations (Table II) . fired, whales had been near the anchored boat for > 3 h, with speeds zero to moderate.
Other behavioral variables
Most whales moved at slow or medium speed during all phases of the four completed experiments. Only during the aborted 27 August 1984 test at close range was there evidence that bowheads tended to travel faster than normal.
Frequencies of tums, predive flexes, and flukeout dives were all similar before, during, and after the airgun fired ( p•, 0.1 in each case).
Bo whead calls
Calls were heard within the airgun firing period during three of four completed tests. There was no consistent trend toward reduced call rates while the airgun fired, but sample sizes were small (Table V) Table II ). The univariate trends may have been spurious effects of covarying factors. However, the multivariate analyses do not exclude the possibility of a weak effect of seismic noise on behavior, given that many intercorrelated "whale activity" and environmental variables covaried in an uncontrolled fashion.
Overall behavior versus seismic
Stepwise multiple discriminant analysis ( This analysis provided further evidence that surface times and respiration were not strongly affected by distant seismic vessels. The reduced frequency of tums with seismic noise was also evident from univariate analysis (Table III) Number of calls before, during, and after firing, respectively.
Richardson eta/.: Bowhead whales and seismic exploration similar; we did not observe behavior similar to the "huddling" described by Reeves et al. (1984) . This analysis did not prove that turns, bottom feeding, and socializing were actually affected by noise from distant seismic vessels. We could not control variables such as year and water depth, to which bowhead behavior is strongly related ( speeds. Activities did not change noticeably when MARINER ceased shooting 6 km beyond the whales. We saw bowheads 5 km south of the experimental location the following day, but we do not know whether these were the individuals present during the experiment.
Surfacing, respiration, and dive characteristics
We compared behavior during the three main phases of the experiment: (a) preseismic, with MARINER approaching at range 9-7« km; (b) seismic, range 7•-1«-6 km; and (c) postseismic, range 6-11 km. Duration of surfacing and number of blows per surfacing were both similar during all phases (Fig. 4) . Dives may have been shorter in the seismic phase (Fig. 4) .
Mean blow interval was lower when the airgun array fired (p < 0.001 ), but the difference was small•l 1.7 s before seismic versus 10.6 s with seismic (Fig. 4) . The reduction began when the approaching ship was 8 krn away, before the airguns began firing. At that time, faint engine noise from the ship was already being detected by a sonobuoy near the whales (102 dB re: 1 pPa in 20-to 1000-Hz band). In contrast, blow intervals tended to be longer with seismic noise from distant seismic boats or a single airgun (Table   II) .
Orientation of whales
Repeated sightings of the two recognizable whales that moved 2 km south, away from the ship's CPA, provided our only data on orientation of underwater movements (see above). However, predominant orientations of whales at the surface were also indicative of avoidance (Fig. 6) . Initially, whales oriented mainly northwest and north [ Fig. 6(a) ].
After the airguns began to fire 7• km west of the whales, bowheads oriented mainly northeast and east, away from the ship [ Fig. 6(b) ]. When the ship was g2« km to the NW, N, or NE, whales oriented mainly SW, contrary to the ship's track [ Fig. 6 (c) ]. In the postseismic period, whales tended to orient north and east [ Fig. 6(e) 
Summary
Bowhead whales reacted to close approach by an operating seismic vessel, but not abruptly. Speeds were slow to moderate throughout the experiment. Activities did not change conspicuously when firing began 7« km away, although whales apparently began to orient away then. Blow intervals were slightly reduced even before firing began, possibly in response to ship engine noise. Near-bottom feeding ceased at a range of 3 km. Near CPA, the frequency of flukes-out upon diving was reduced, and whales oriented contrary to the ship's track. Two recognizable whales were displaced by about 2 km.
III. DISCUSSION
Short-term behavioral reactions ofbowheads to seismic exploration were surprisingly mild, considering the high intensity of noise pulses even at long distances from seismic vessels. We found bowheads engaged in normal activities (feeding, socializing, calling, etc.) as close as 6 km from seismic vessels (received noise up to 158 dB re: 1 pPa). Subtle changes in frequency of turns, predive flexes, and flukesout upon diving may have occurred, but these changes did not preclude the continuation of normal types of general activities. During the GSI MARINER test, ,apparent nearbottom feeding did not cease until the ship was within 3 km.
Opportunistie and single-airgun data provided hints but no proof that noise from distant seismic vessels affected surfacing-respiration-dive cycles. However, during four tests with seismic boats approaching within • 3«-7 km from bow- in a less dramatic and consistent way, to greater ranges. However, the lack of such trends during our GSI MARINER test shows that reactions of bowheads to seismic noise vary even at close ranges. Opportunistic observations 6-99 km from seismic boats provided no unequivocal evidence that bowheads oriented away. However, bowheads did orient away during two single-airgun tests at 0.2-4« km, and when an airgun array began to fire 7« km away. Whales that had been bottom feeding about 1« km to the side of GSI MARINER'S track were displaced by • 2 km. In the single-airgun tests where bowheads showed avoidance behavior, there was no boat engine noise. Thus bowheads apparently can determine the arrival direction of intense noise impulses, and move in the opposite direction. The duration of behavioral disruption following close approach by a seismic boat was at least 2.4 h in the MARINER test.
The maximum range at which bowheads first reacted is uncertain, since initial responses to an approaching seismic vessel were subtle. In the MARINER test, whales apparently
